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TECHNICAL  SUMMARY 

The  goals  of  the  program  were  to  investigate  the  possibility  of 
annealing  implanted  layers  In  GaAs  using  lasers  or  electron  beams,  and  to 
characterize  the  properties  of  these  implanted  and  annealed  layers.  This 
section  summarizes  the  results  obtained  during  the  first  year  of  the  program. 

1.  Irradiations  of  appropriate  energy  densities  from  a  pulsed 
ruby  laser  (A.  *  0.69  urn,  tp  *  15  or  50  ns)  or  a  pulsed  electron  beam  (energy 

*  20  keV,  tp  *  100  ns)  were  found  to  anneal  Implanted  amorphous  layers  in  GaAs 
successfully  without  using  an  encapsulant.  This  was  confirmed  by  backscattering/ 
channeling  and  TEM  measurements. 

2.  Good  electrical  activation  of  high  dose  (>101 5  cm"2)  implanted 
donor  ions,  with  peak  electron  concentrations  higher  than  1019  cm-3,  was 
achieved  after  both  pulsed  ruby  laser  and  pulsed  electron  beam  irradiations. 

3.  Low  dose  (<1013  cm"2)  donor  ion  Implanted  samples  Irradiated 
with  ruby  laser  or  electron  beam  pulses  did  not  show  any  measurable  electrical 
activity.  Possible  reasons  for  this  apparent  Inactivity  were  explored  but  the 
exact  reasons  are  not  clear  at  present. 

4.  Au-Ge/Pt  ohmic  contacts  with  specific  contact  resistance  as 
low  as  4  *  10'7  Q-cm2  were  fabricated  on  n-type  GaAs  by  pulsed  electron  beam 
alloying.  This  value  of  the  specific  contact  resistance  Is  one  of  the  lowest 
values  reported  so  far. 
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1.0  INTRODUCTION 

The  desire  to  fabricate  microwave  devices/circuits  has  generated  con¬ 
siderable  interest  over  the  last  few  years  in  the  production  of  controlled, 
reproducible  n-type  layers  in  GaAs  by  ion  implantation.*-*  Since  dissociation 
of  GaAs  can  occur  at  the  high  temperatures  (>700°C)  typically  required  for 
post-implantation  annealing,  thermal  annealing  of  implanted  GaAs  usually  has 
been  carried  out  using  an  encapsulant  (e.g.,  SIO2,  SI3N4,  AIN,  etc.)  to  pre¬ 
vent  the  escape  of  As.  Although  the  escape  of  As  can  be  largely  prevented, 
significant  outdiffuslon  of  Ga  sometimes  occurs  through  the  encapsulant  during 
thermal  treatment.  In  addition,  adherence  of  the  encapsulant  during  the 
annealing,  which  is  a  strong  function  of  the  technique  used  to  deposit  the 
encapsulant.  Is  sometimes  a  problem.  These  aspects  of  thermal  annealing  of 
Implanted  layers  In  GaAs  make  possible  alternative  approaches  to  damage  re¬ 
moval  and  electrical  activation,  such  as  laser  or  electron  beam  annealing  Ion- 
Implanted  GaAs  without  an  encapsulant,  attractive.  The  contract  "Laser 
Annealing  of  GaAs"  was  aimed  at  such  an  effort.  In  this  final  report,  major 
results  are  summarized.  Primarily,  a  pulsed  ruby  laser  and  a  pulsed  electron 
beam  were  primarily  explored  to  anneal  implantation  damage  In  GaAs.  The  pro¬ 
perties  of  the  Irradiated  samples  were  analyzed  by  several  techniques,  includ¬ 
ing  differential  Hall  effect  measurements,  backscatterlng/channeling,  optical 
microscopy,  transmission  electron  microscopy  (TEM),  secondary  ion  mass  spec¬ 
trometry  (SIMS)  and  Auger  electron  spectroscopy  (AES). 

The  observations  made  on  the  annealing  effects  of  a  pulsed  ruby  laser 
on  Ion-Implanted  GaAs  are  described  in  Section  2.  For  Ion  implanted  amorphous 
layers,  an  energy  density  threshold  was  found  to  exist  for  recrystallizatlon. 
Above  the  threshold,  the  amorphous  layer  re grew  epitaxially,  and  below  the 
threshold,  the  layer  became  polycrystalline;  the  grain  size  Increased  as  the 
energy  density  approached  the  threshold.  Good  activation  (~20%)  of  high  dose 
(~1015  cm-2)  Implanted  donor  Ions  (SI,  Se)  was  achieved  after  pulsed  ruby  laser 
Irradiation.  However,  the  Hall  mobilities  were  poor  when  compared  with  capped 
and  thermally  annealed  samples.  Low  dose  (<10*2  cm-2)  donor  Implanted  layers 
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in  semi -Implanting  GaAs  did  not  show  any  measurable  electrical  activity  after 
irradiation. 

The  results  of  similar  experiments  performed  on  pulsed  electron  beam 
annealing  of  semi-insulating  GaAs  are  discussed  in  Section  3.  An  energy  den¬ 
sity  threshold  behavior  in  the  electron  beam  pulse  for  the  recrystallization 
of  amorphous  layers  was  again  observed.  As  observed  for  ruby  laser  irradia¬ 
tion,  high  dose  (>101^  cm"^)  implanted  donor  ions  resulted  in  high  activation 
and  the  low  dose  (<10^  cnf^)  donor  ion  implanted  samples  again  showed  insig¬ 
nificant  electrical  activity. 

Several  experiments  were  designed  and  carried  out  to  investigate  the 
reasons  for  higher  activation  of  implanted  Se  in  the  high  dose  (1015  cnT^)  and 
lower  activation  in  the  low  dose  (<10*3  cm"^)  Implanted  and  irradiated  sam¬ 
ples.  A  pulsed  electron  beam  was  used  for  most  of  these  experiments.  The  re¬ 
sults  are  discussed  in  Section  3.  Although  some  Insight  is  provided  for  the 
possible  mechanisms  Involved,  the  exact  reasons  are  still  not  clear. 

In  Section  4  some  of  the  more  recent  experiments  conducted  on  the 
pulsed  electron  beam  alloying  of  Au-Ge/Pt  ohmic  contacts  to  n-type  GaAs  are 
reported.  Specific  contact  resistance  as  low  as  4  *  10'7  n-cm^  was  achieved 
after  pulsed  electron  beam  alloying. 

Finally,  Section  5  has  concluding  remarks.  Results  obtained  to  date 
are  summarized  with  some  suggestions  for  future  experiments. 
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2.0  PULSED  RUBY  LASER  ANNEALING  OF  IMPLANTED  GaAs 

In  this  section,  effects  of  a  ruby  laser  pulse  (X  *  0.694  urn,  tp  =  15 
or  50  ns)  on  implanted  GaAs  are  described  and  discussed.  All  samples  were 
irradiated  in  air. 

2.1  Surface  Morphology  Studies 

2.1.1  Laser  Exposure  of  Virgin  Seml-insul atinq  GaAs 

Wafers  of  semi -insulating  GaAs  were  exposed  in  air  to  ruby  laser 
pulses  with  various  energy  densities.  Figure  1  shows  Nomarski  optical  photo¬ 
graphs  of  the  surfaces  after  irradiation.  Even  at  0.72  J/cm2  (energy  density 
less  than  the  threshold  value  for  annealing  implanted  GaAs5),  the  exposed  area 
indicated  melting  in  localized  regions,  which  was  possibly  due  to  hot  spots  in 
the  laser.  As  the  energy  density  was  Increased,  evidence  of  melting  over 
larger  areas  was  observed  (see  Fig.  la-d).  Generally,  with  the  ruby  laser, 
resolidification  after  melting  was  almost  always  found  to  be  non-uniform.  The 
spatial  energy  distribution  in  the  laser  spot  seemed  to  be  a  factor  in  obtain¬ 
ing  exposures  that  appeared  featureless  as  viewed  under  the  optical  microscope 
magnification. 

2.1.2  Laser  Exposure  of  Implanted  Semi -insulating  GaAs 

Figure  2  shows  photographs  of  the  surfaces  of  semi -insulating  GaAs 
samples  Implanted  with  10*5  300  keV  Se+  ions/cm2  and  Irradiated  with  laser 
pulses  of  various  energy  densities.  Increased  melting  over  larger  areas  with 
Increasing  energy  density  was  again  observed.  These  photographs  probably 
represent  the  regions  with  the  worst  texture  when  viewed  under  the  microscope. 
However,  the  samples  were  also  found  to  contain  regions  which  were  essentially 
featureless,  as  evidenced  by  Fig.  3,  where  photographs  of  these  samples  ex¬ 
posed  to  the  lowest  (0.75  J/cm2)  and  the  highest  (1.51  J/cm2)  values  of  laser 
energy  densities  (see  Fig.  2)  are  shown.  It  should  be  noted  that  all  samples 
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GaAs 


0.72  J/cm2 


1.20  J/cm2 


1.75  J/cm2  100/um  2.01  J/cm2 


Fig.  1  Surface  morphology  of  semi -insulating  GaAs  after  irradiation  with  a 
ruby  laser  pulse  of  energy  density:  (a)  0 .72  J/cm2,  (b)  1.20  J/cm2, 
(c)  1.75  J/cm2  and  (d)  2.01  J/cm2. 
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Se— GaAs,  R.  T.,  300  keV,  1  x  1015  cm'2 
SC79-4280  RUBY  LASER  ANNEAL,  NO  ENCAPSULANT 


1.12  J/cm2  20Mm  1.51  J/cm2 


Fig.  2  Surface  morphology  of  implanted  (300  keV,  lxlO*5  Se+/cm2  semi- 

insulating  GaAs  after  irradiation  with  a  ruby  laser  pulse  of  energy 
density:  (a)  0.75  J/cm'1.  (b)  0.94  J/cm2,  (c)  1.12J/cm2,  and  (d) 
1.51  J/cnr. 
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Se-»-GaAs,  R.  T.,  300keV,  1  x  10,Dcm  z  RUBY 
LASER  ANNEAL,  NO  ENCAPSULANT 


SC79-4281 


Surface  morphology  of  selected  small  uniform  regions  from  the  samples 
shown  in  Fig.  2(a)  and  (d). 
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with  surfaces  shown  as  in  Fig.  2  were  found  to  possess  good  electrical  activa¬ 
tion  of  the  Se  ions  over  areas  of  dimensions  7  mm  x  7  mm  employed  for  measurements. 

2.1.3  Laser  Exposure  of  Implanted  and  Encapsulated  Semi-insulating  GaAs 

Semi -insulating  GaAs  samples  were  implanted  with  300  keV  lO1^ 

Se  ions/cnr  and  irradiated  with  ruby  laser  pulses  after  being  capped  with 
~1000A  of  reactively  sputtered  Si 3N4  films.  Figure  4  depicts  the  surfaces  of 
these  samples  after  irradiation  with  different  energy  densities  of  the  laser. 

It  was  found  that  the  Sij^  film  cracked,  presumably  due  to  thermal  stresses, 
when  exposed  to  a  laser  pulse  with  energy  density  as  low  as  0.59  J/cm^. 

Larger  cracks  were  introduced  In  the  SI3N4  film  with  a  laser  pulse  of  higher 
energy  density  (Fig.  4b),  and  with  a  pulse  of  energy  density  >1.3  J/cm^,  the 
SI3N4  film  was  completely  vaporized  from  the  area  exposed  to  the  laser  beam 
(Figs.  4c  and  d).  The  samples  in  Figs.  4c  and  4d  also  indicated  melting  and 
resolidification  of  the  GaAs  surface  beneath.  The  texture  of  the  surfaces 
after  resol Idlfication,  however,  appeared  to  be  somewhat  finer  than  the  tex¬ 
ture  of  the  surfaces  of  uncoated  samples  exposed  to  laser  irradiation  (compare 
Fig.  4  with  Figs.  1  and  2).  Since  the  Si 3N4  film  cracked  or  vaporized  when 
the  coated  samples  were  Irradiated  with  laser  energy  densities  sufficient  for 
successful  annealing,  the  S I3N4  film  did  not  seem  to  function  in  protecting 
the  stoichiometry  of  the  GaAs  surface  as  in  conventional  thermal  annealing  of 
implanted  GaAs. 

2.2  Recrystallizatlon  of  Implanted  Amorphous  Layers 

Semi-insulating  GaAs  wafers  of  <100>  orientation  were  Implanted  at 
room  temperature  with  400  keV  Te  to  a  fluence  of  about  1  *  lO1^  cm"^.  This 
Implantation  produced  an  amorphous  layer  of  about  2300A  thickness.  To  mini¬ 
mize  channeling,  the  Ion  beam  was  oriented  at  an  angle  of  ~10°  against  the 
normal  to  the  wafer  surface. 

The  Incident  laser  energy  density  varied  from  0.2  to  2.0  0/cm^. 

Channeling  and  backscattering  spectrometry  measurements  were  performed  with 
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Se  -►GaAs,  R.  T.,  300  keV,  1  x  1015  cm'2  RUBY 
LASER  ANNEAL,  1000A  Si3N4 

SC79-4282 


0.59  J/cm2 


0.72  J/cm2 


1.3  J/cm2  lOOjum  1.75  J/cm2 


Fig.  4  Surface  morphology  of  semi-insul ating  GaAs  samples  coated  with  ~1000A 
Si 3^4  after  irradiation  with  a  ruby  laser  pulse  of  energy 
density:  (a)  0.59  J/cm,  (b)  0.72  J/cm2,  (c)  1.3J/cm  ,  apd  Id) 

1.75  J/cm2.  All  samples  were  implanted  with  300  keV,  lxl015cm“2 
Si+ions  at  room  temperature  prior  to  SijN^  coating  and  laser 
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2.5  MeV  ^He+  to  investigate  the  thickness  of  the  damaged  layer  and  its  recov¬ 
ery  after  laser  irradiation.  Information  on  the  microstructure  of  the  layer 
after  laser  irradiation  was  obtained  by  transmission  electron  microscopy. 

Channeling  effect  measurements  indicated  that  the  recovery  of  the 
implanted  amorphous  layer  exhibited  a  threshold  with  laser  beam  energy  dens¬ 
ity.  This  threshold  had  a  value  of  about  1.0  J/cm2.  Above  the  threshold 
value,  the  backscattering  yield  observed  with  <100>  aligned  incidence  of  the 
He  beam  became  comparable  to  that  measured  on  an  unimplanted  single-crystal 
wafer,  as  shown  in  Fig.  5.  A  backscattering  spectrum  taken  at  random  inci¬ 
dence  of  the  He  beam  showed  that  the  Te  Implantation  destroyed  the  monocrys¬ 
talline  structure  of  the  wafer  over  a  depth  of  approximately  2300A.  This 
layer  was  amorphous  in  structure  as  was  determined  by  electron  diffraction 
measurements.  A  ruby  laser  pulse  of  1  J/cm2  thus  transformed  the  implanted 
amorphous  layer  into  an  epitaxial  layer  with  good  crystalline  quality.  For 
energy  densities  below  0.8  J/cm2,  the  yield  observed  with  aligned  He  beam  in¬ 
cidence  decreased  only  by  about  50%.  No  movement  of  the  original  amorphous- 
to-crystal  interface  was  detected.  In  the  range  of  1.0  to  1.4  J/cm2,  beyond 
threshold,  channeling  gave  the  same  spectrum,  and  this  spectrum  differed 
little  from  that  of  an  unimplanted  wafer. 

TEM  measurements  indicated  that  at  0.6  J/cm2  irradiation,  polycrys¬ 
talline  material  was  formed.  At  1.0  J/cm2  single-crystalline  material  was 
formed  with  stacking  faults  and  with  dislocations  whose  density  was  about 
3  *  10^/cm2.  At  1.4  J/cm2  single-crystalline  material  was  formed  with  dis¬ 
persed  defects  of  about  3  *  10^/cm2.  These  defects  were  less  than  100A  in 
size  and  were  located  very  near  the  surface  as  was  determined  by  stero-micro- 
graphs.  The  physical  identity  of  these  defects  has  yet  to  be  established. 

From  the  difference  in  the  microstructures  of  the  Irradiated  samples 
the  existence  of  a  threshold  energy  density  was  noted.  Its  value  was  deter- 
mined  to  be  near  1.0  J/cnr.  The  size  of  the  grains  in  polycrystall ine  layers 
obtained  after  laser  Irradiation  below  the  threshold  depended  on  the  energy 
density  of  the  ruby  laser  pulse.  The  average  dimension  of  the  grains  in  the 
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Fig.  5  Backscattering  spectra  of  2.5  MeV  He+  ions  incident  in  a 
random  direction  and  in  <100>  direction  of  GaAs  samples 
implanted  with  400  keV  Te  (1015  cm’z),  after  laser  irradi¬ 
ation  of  energy  {a)  0.2  to  0.8  J/cmz,  (b)  0.9  J/cmz, 

(c)  1.0  to  1.4  J/cmz.  The  curve  (d)  is  obtained  from 
unimplanted  <100>  GaAs  sample. 
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polycrystalline  layers  was  determined  from  TEM  measurements.  The  average 
grain  size  Increased  with  increasing  energy  density  of  the  laser  irradiation. 
These  results  are  summarized  in  Fig.  6.  The  bars  represent  the  spread  in  the 
distribution  of  the  grain  diameter.  The  average  grain  size  had  a  range  from 
400  to  1100A  on  going  from  0.2  to  0.9  J/cm2.  Near  the  threshold  (~1.0  J/cm2) 
the  lateral  nonuniformities  of  the  ruby  laser  spot  became  crucial  in  determin¬ 
ing  the  structural  configuration  of  the  irradiated  layer. 

The  existence  of  a  threshold  energy  separating  films  of  polycrystal¬ 
line  and  single-crystalline  structure,  depending  on  the  energy  density  of  the 
laser  irradiation  as  well  as  the  dependence  of  grain  size  on  energy  density 
below  threshold  observed  here  for  GaAs  was  analogous  to  the  results  found  with 
Si.  Therefore,  the  results  can  be  interpreted  in  the  same  fashion,  as  was 
initially  proposed  by  E.  I.  Shtyrkov  et  al.5.  Above  threshold,  the  energy 
deposited  by  the  laser  beam  sufficed  to  melt  a  layer  of  GaAs  which  exceeded 
the  depth  of  the  amorphous  implanted  layer.  Below  threshold,  the  molten  zone 
never  reached  the  underlying  single-crystalline  substrate  and  thus  did  not 
regrow  epitaxially. 

2.3  Electrical  Measurements 

Several  semi -insulating  <100>  wafers  of  Cr-doped  GaAs  were  implanted 
with  300  keV  Se+  ions  at  room  temperature.  The  dose  range  selected  was 
3  x  10*2  -  1  x  1015  Se+  lons/cm2.  To  minimize  channeling  during  implantation, 
the  ion  beam  was  oriented  at  an  angle  of  about  7°  to  the  normal  to  the  wafer 
surface.  Laser  annealing  was  accomplished  in  air  by  a  Q-swItched  ruby  laser 
pulse.  The  incident  energy  densities  employed  were  in  the  range  0.8  -  1 . 2J/cm^ 
in  order  to  conform  to  the  threshold  annealing  values  observed  in  GaAs.5 

Table  I  summarizes  typical  results  of  Hall -effect  measurements  made 
on  some  of  the  samples  implanted  with  10*5  Se+  ions/cm2  and  subsequently 
annealed  thermally  or  by  a  laser  pulse.  The  measurements  were  made  after 
etching  Van  der  Pauw  type  mesas  provided  with  Au-Ge/Pt  ohmic  contacts.4 
Better  activation  of  Se+  ions  was  achieved  in  the  samples  annealed  by  the 
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Fig.  6  Average  grain  size  obtained  from  TEM  micrographs  of  the 
polycrystalline  GaAs  layer  formed  by  transient  annealing 
with  a  ruby  laser  pulse  of  varying  energy  density.  Prior 
to  the  laser  irradiation,  the  <100>  GaAs  substrate  had 
been  implanted  with  400  keV  Te  at  room  temperature  to  a 
dose  of  lxlO15  cm-2.  The  bars  represent  the  spread  in 
the  diameter  of  the  grains. 
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laser,  with  or  without  a  Si3N4  encapsulant,  when  compared  to  the  sample 
annealed  thermally.  The  measured  effective  sheet  electron  concentration  (Ne) 
was  significantly  higher  In  the  laser  annealed  samples  compared  to  the  corres¬ 
ponding  value  in  the  thermally  annealed  sample,  even  though  the  thermally 
annealed  sample  was  implanted  at  350°C.  This  result  could  be  due  in  part  to 
the  Incorporation  of  Se  atoms  on  substitutional  sites  In  the  GaAs  crystal 
after  laser  Irradiation  being  higher  than  after  thermal  annealing.  It  should 
be  noted,  however,  that  all  substitutional  impurity  atoms  might  not  be  elec¬ 
trically  active  in  the  GaAs  crystal,  as  experiments  conducted  on  bulk  grown 
Te-doped  GaAs  and  Te  implanted  GaAs^>®  have  indicated.  Considering  this  pos¬ 
sibility,  significantly  lower  concentrations  of  compensating  defects  might 
also  account  for  the  higher  values  of  Ne  measured  in  the  pulse  annealed  sam¬ 
ples,  when  compared  to  the  thermally  annealed  sample.  The  relatively  low 
values  of  effective  mobility  (ue)  found  in  the  laser  annealed  samples  (that  is 


Table  I 


Comparison  of  the  Sheet -Resistance  (p$),  the  Effective  Sheet  Electron 
Concentration  (Nt),  and  the  Effective  Mobility  (lO  for  Seml- 
Insulating  GaAs  implanted  with  300  keV  1  x  1015)  Se1-  ions/c nr 
and  Annealed  Thermally,  or  by  a  Ruby  Laser  Pulse 


Thermal 

(350°C) 

A1N-900°C-10'-H2 

Ruby  Laser 
?  (R.T.) 
IJ/cit r 

Si3N4  (1000A) 

1J  /cm2 

No  Cap 

ps  (a/'’) 

130.5 

143.2 

130.3 

Ne(cm-2) 

3  x  1013 

1.9  x  1014 

1.4  x  1014 

Mgfcm^/vs) 

1720 

225 

334 
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low  In  comparison  to  the  thermally  annealed  sample)  might  be  partially  due  to 
the  higher  density  of  ionized  impurity  centers  in  the  laser  annealed  samples. 
Also,  the  laser  annealed  samples  might  contain  certain  residual  defects  or  elec¬ 
tron  scattering  centers  which  might  contribute  toward  lowering  the  mobility. 

From  the  data  In  Table  I,  it  was  noted  that  satisfactory  annealing  of  im¬ 
planted  GaAs  could  be  accomplished  using  laser  irradiation  with  or  without  an 
encapsulant. 

It  was  observed  that,  with  Incident  irradiation  energy  densities  sim¬ 
ilar  to  those  used  to  anneal  the  samples  Implanted  with  10^  $e+  Ions/cm2,  no 
measurable  electrical  activity  could  be  detected  in  the  laser  irradiated  sam¬ 
ples  implanted  with  <  10*4  Se+  lons/cm2.  This  result  indicated  that  low  dose 
Implants  (<  lO^/cm2)  did  not  anneal  as  well  as  high  dose  implants  (lO^/cm2) 
when  similar  ranges  of  Incident  energy  densities  of  laser  pulse  irradiation 
were  employed. 

Figure  7  shows  the  depth  profiles  of  the  electron  concentration  (N) 
and  of  the  electron  mobility  (u)  for  the  two  laser  annealed  samples  (see 
Table  I).  These  profiles  were  obtained  by  successive  stripping  of  surface 
layers  combined  with  Hall-effect  and  resistivity  measurements.4  The  LSS  pro¬ 
file,  calculated  using  a  Gaussian  approximation,®  Is  also  shown  for  compari¬ 
son.  The  measured  profiles  showed  no  correlation  to  the  LSS  profile  in  shape 
and  they  appeared  to  be  deeper  than  the  range  predicted  by  the  LSS  theory. 

This  result  was,  however,  not  too  surprising,  as  deeper  profiles  were  also 
found  in  thermally  annealed  samples  Implanted  with  similar  doses. ^  The  evi¬ 
dence  of  higher  activation  measured  In  the  sample  which  was  laser  annealed 
with  SI3N4  encapsulation,  when  compared  to  the  sample  annealed  without  an  en- 
caDSulant,  was  not  clear.  Nevertheless,  electron  concentrations  In  excess  of 
lO^/cm3  were  measured  In  both  of  the  laser  annealed  samples,  which  were  at 
least  a  factor  of  two  higher  than  the  concentrations  measured  In  capped  and 
thermally  annealed  samples^)  Implanted  with  similar  dose  and  energy' of  Se+ 

Ions.  The  mobility  profiles  In  Fig.  7  showed  that  the  mobility  was  signifi¬ 
cantly  lower  In  both  of  the  laser  annealed  samples  when  compared  to  the  values 
for  bulk  GaAs^  for  a  similar  range  of  peak  electron  concentrations. 
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Fig.  7  Oepth  profiles  of  the  electron  concentration  (N)  and  of  the 
electron  mobility  (y)  measured  In  the  two  laser  annealed 
samples  (Table  I),  one  annealed  with  and  the  other  without 
a  SI3N4  encapsulant.  The  incident  energy  densities  employed 
were  the  same  in  the  two  samples. 


/ 


Rockwell  International 


ERC41008.11FR 


Further  experiments  were  carried  out  to  study  the  effect  of  implant 
temperature  on  the  activation  of  Se.  Semi -insulating  <100>  GaAs  wafers  were 
implanted  with  300  keV  Se+  ions  at  296k  or  125K  to  a  dose  of  1  *  1015  cm"2. 
Although  implantations  at  both  temperatures  produced  an  amorphous  layer,  the 
amorphous  layer  for  the  125k  implants  was  expected  to  be  thicker.  After 
implantation,  the  unencapsulated  samples  were  irradiated  with  ruby  laser 
pulses  of  different  energy  densities.  Measurements  of  sheet  electron  concen¬ 
tration  (Ns),  effective  mobility  (ue)  and  sheet  resistance  (ps)  were  then  made 
on  these  samples.  In  Fig.  8  these  measurements  are  summarized.  Samples 
implanted  at  125k  appeared  to  require  higher  laser  pulse  energy  densities  for 
about  equal  values  of  measured  sheet  electron  concentration,  when  compared 
with  the  samples  Implanted  at  296k.  It  was  interesting  to  note  that  the 
sample  Implanted  at  125k  and  annealed  with  a  1.5  J/cm2  laser  pulse  not  only 
had  high  activation  (Ns  *  1.4  x  10*4  cm"2)  but  also  a  high  value  of  ue 
(1.6  *  102  ^-).  Correspondingly,  this  sample  had  a  very  low  value  of  sheet 
resistance  (18  Q/a). 

From  a  comparison  of  the  electrical  measurements  made  on  samples  Im¬ 
planted  with  300  keV,  10^  5e+  lons/cm2  at  296k  or  125k,  and  annealed  with 
various  energy  densities  of  the  ruby  laser j  it  was  revealed  that  the  thick¬ 
ness  of  the  amorphous  layer  might  play  a  significant  role.  For  best  annealing 
conditions,  the  parameters  of  the  beams  should  be  adjusted  according  to  the 
implantation  conditions  to  optimize  the  melt  depth  and  the  time  duration  for 
which  the  layer  remains  molten. 

Several  samples  implanted  with  lower  doses  (<10^  cm-2)  of  Se+  at 
296k  or  125k  were  also  irradiated  with  laser  pulses  possessing  similar  values 
of  energy  densities  and  beam  parameters.  No  significant  differences  in  the 
measured  electrical  activity  were  found  between  the  samples  Implanted  at  the 
two  temperatures.  All  samples  showed  poor  or  non-measurable  electrical 
activity.  Since  the  Implantation  dose  threshold  for  the  amorphlzatlon  of  GaAs 
was  expected  to  be  different  for  the  two  Implantations,  lower  for  the  125k 
case,  It  appeared  that  the  formation  of  an  amorphous  layer  might  not  be 
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necessary  for  the  activation  of  Se  in 
ruby  laser  pulses  with  the  parameters 


the  implanted  layers  irradiated  with 
chosen. 
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3.0  PULSED  ELECTRON  BEAM  ANNEALING  OF  IMPLANTED  GaAs 

In  this  section,  effects  of  single  electron  beam,  pulses  (mean  elec¬ 
tron  energy  a  20  keV,  tp  *  100  ns)  on  implanted  GaAs  are  described  and  dis¬ 
cussed. 

3.1  Surface  Morphology  Studies 

3.1.1  Electron  Beam  Exposure  of  Low  Dose  Implanted  Semi -insulating  GaAs 
In  Fig.  9,  the  surfaces  of  semi-insulating  GaAs  samples  implanted 

with  3  x  3Q0  fcgy  Se+  fons/cm2  and  irradiated  with  various  values  of  elec¬ 
tron  beam  energy  densities  are  compared  with  the  surface  of  the  as- implanted 
sample.  The  electron  beam  exposed  area  appeared  to  be  much  more  uniform  com¬ 
pared  to  the  laser  exposed  areas  (compare  Fig.  9  with  Figs.  1  and  2).  The 
areas  shown  in  Fig.  9  should  be  considered  as  representative  of  typical  sur¬ 
face  morphology  over  the  electron  beam  irradiated  spot.  At  an  electron  beam 
energy  density  of  0.67  J/cm2  (Fig.  9c),  considerable  pitting  of  the  surface  is 
observed  which  was  followed  by  cracking  of  the  surface  at  a  higher  energy 
density  of  1.05  J/cm2  (Fig.  9d).  The  cracks  were  probably  caused  by  thermal 
stresses  and  seemed  to  occur  along  well  defined  planes.  Similar  cracks  have 
also  been  observed  in  SI  samples  irradiated  with  electron  beam  pulses  of  high 
energy  densities.** 

3.1.2  Electron  Beam  Exposure  of  High  Dose  Implanted  Layers  in  Semi- 
insulating  GaAs 

Semi-insulating  GaAs  wafers  were  Implanted  with  1  x  10* 5  300  keV 
Kr+  ions/cir i2  at  room  temperature.  Figure  10  shows  the  surface  morphology  of 
these  samples  after  irradiation  with  different  energy  densities  of  electron 
beam  pulses.  For  comparison,  the  surface  of  the  as- implanted  sample  is  also 
shown  (Fig.  10a).  It  was  Interesting  to  note  that  the  energy  density  thresh¬ 
old  for  the  surface  damage  by  the  electron  beam  pulse  in  this  set  of  samples 
was  different  from  the  samples  Implanted  with  a  low  dose  (3  *  lO^/cm2)  of  Se 
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Se-^GaAs,  R.  T„  300  keV,  3  x  1012  cm'2  ELECTRON 
BEAM  ANNEAL,  NO  ENCAPSULANT 


SC79-4283 


NO  ANNEAL 


0.42  J/cm2 


0.67  J/cm" 


20fjm 
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Surface  morphology  of  implanted  (300  keV,  3xl012  Se+/cm2)  semi 
insulating  GaAs  samples  after  (a)  implantation  and  after 
irradiation  with  an  electron  beam  pulse  of  energy  density, 

(b)  0.42  J/cm2,  (c)  0.67  J/cm2,  and  (d)  1.05  J/cm2. 
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ions  (see  Fig.  9).  The  sample  irradiated  with  an  electron  beam  pulse  of 
0.67  J/cm2  (Fig.  10c)  shows  a  surface  which  is  indistinguishable  from  the  sur¬ 
face  of  the  as-implanted  samples  (Fig.  10a),  except  for  the  color  change  due 
to  the  recrystallization  of  the  amorphous  layer.  Pits  such  as  seen  on  the 
surfaces  of  low  dose  implanted  samples  after  electron  beam  irradiation 
(Figs.  9c  and  d)  were  almost  absent  on  the  surfaces  of  high  dose  implanted 
samples  irradiated  with  similar  energy  densities  of  electron  beam  pulses 
(Figs.  10c  and  d).  The  type  of  surface  structure  (Fig.  lOd)  indicates  that 
some  kind  of  damage  is  Introduced  by  the  electron  beam  pulse  of  1.05  J/cnr  in 
the  high  dose  Implanted  samples.  This  kind  of  structure  was  not  found  on  the 
surfaces  of  low  dose  Implanted  and  electron  beam  irradiated  samples  (see 
Fig.  9).  From  this  surface  morphology  study  of  electron  beam  Irradiated  sam¬ 
ples,  it  was  quite  clear  that  in  order  to  achieve  effective  annealing  of  ion 
implanted  semi -Insulating  GaAs  without  introducing  additional  damage,  the 
energy  density  of  the  electron  beam  pulse  should  be  adjusted  according  to  the 
Ion  Implantation  dose. 

3.2  Structural  and  Compositional  Studies 

Semi -insulating,  Cr-doped  GaAs  wafers  of  <100  orientation  were  im¬ 
planted  at  room  temperature  with  300  keV  Kr+  ions  to  a  (high)  dose  of 
1015  cm"2,  or  with  300  keV  Se+  Ions  to  a  (low)  dose  of  3  x  10*2  cm"2.  The 
<100>  axis  of  the  wafers  was  offset  by  -7°  with  respect  to  the  beam  during 
implantation.  The  unencapsulated  wafers  were  cleaved  into  several  samples 
which  were  each  irradiated  with  a  single  electron  beam  pulse  in  vacuum. 
Channeling  measurements  were  taken  by  using  a  2.4  MeV  He+  beam  incident  on 
samples  over  areas  typically  1  mm  x  2  mm.  TEM  studies  were  performed  on  the 
same  samples  in  "plan"  view. 

Results  of  channeling  and  TEM  analysis  are  given  in  Figs.  11 
and  12.  The  unirradiated,  high  dose  Kr+  implanted  sample  had  a  2200A  thick 
amorphous  surface  layer  (Fig.  11a).  The  As/Ga  ratio  at  the  surface,  obtained 
from  the  random  backscattering  spectrum,  was  close  to  unity.  TEM  plan  view 
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Fig.  11a  Energy  spectra  of  2.4  4He+  ions  backscattered  from 

<100>  GaAs,  implanted  at  room  temperature  with  300  keV, 
10*5  Kr+/cms  before  and  after  single-pulse  electron 
beam  irradiations  at  the  indicated  fluences.  The 
random  spectrum  is  for  the  as-implanted  (unirradiated) 
sample.  The  aligned  spectrum  from  a  virgin  sample 
(unimplanted  and  unirradiated)  is  shown  for  comparison. 
The  Kr  signal  is  too  small  to  be  observed  in  all  cases. 
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Fig.  lib  TEM  micrographs  for  the  same  samples  as  in  Fig.  11a. 
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Fig.  12a  Energy  spectra  of  2.4  MeV  *He+  ions  backscattered  from 
<100>  GaAs,  implanted  at  room  temperature  with  300  keV, 
3x10^  $e+/cnr,  before  and  after  single-probe  electron 
beam  irradiations  at  the  indicated  fluences.  The  random 
spectrum  is  for  the  as-implanted  (unirradiated)  sample. 
The  spectrum  for  a  virgin  sample  (unimplanted  and  unir¬ 
radiated)  cannot  be  distinguished  from  the  one  for  the 
as-implanted  sample  on  this  scale.  The  Se  signal  is  too 
small  to  be  observed  in  all  cases. 
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showed  the  damage  as  a  featureless  structure  (Fig.  lib),  and  the  transmission 
electron  diffraction  (TED)  pattern  confirmed  the  existence  of  the  amorphous 
layer  (Fig.  lib).  After  a  pulsed  electron  irradiation  of  0.4  J/cm2,  the 
aligned  spectrum  was  the  same  as  before  irradiation  (Fig.  11a)  However,  TEM 
results  showed  that  the  Irradiated  layer  had  a  grainy  structure  with  mean  i 

grain  size  ~1000A  (Fig.  lib).  The  TED  pattern  indicated  the  existence  of  a 

polycrystalline  layer  (Fig.  lib).  After  a  0.7  J/cm2  irradiation,  the  channel¬ 
ing  yield  at  the  surface,  x0.  had  dropped  from  1.00  to  0.11  (Fig.  11a),  indi¬ 
cating  rather  good  crystalline  quality.  Comparison  with  the  aligned  spectrum 
for  a  virgin  crystal  (i.e.,  unlmplanted  and  unirradiated),  for  which  x0  *  0.04 
in  the  setup  used  In  this  work,  showed  that  some  disorder  was  present  after  a 
0.7  J/cm2  pulse.  The  surface  of  the  irradiated  sample  was  found  to  be  Ga  rich 
(As/Ga*0.8).  TEM  (Fig.  lib)  Indicated  the  existence  of  dislocation  lines  and 
gray  patches  in  the  regrown  layer.  TED  indicated  that  the  layer  was  now  a  j 

single  crystal  (Ftg.  lib).  At  a  still  higher  electron  fluence  of  1.1  J/cm2,  j 

the  surface  channeling  yield  was  0.17,  and  a  high  dechanneling  rate  indicated 
the  presence  of  extended  defects  down  to  a  depth  greater  than  lum  (Fig.  11a).  j 

The  As/Ga  ratio  at  the  surface  was  *0.8.  TEM  showed  a  high  density  of  dislo-  | 

cations  and  the  presence  of  microcracks  (Fig.  lib).  TED  indicated  the  mate-  j 

rial  was  still  a  single  crystal.  To  summarize  the  observations  of  electron  ] 

beam  pulsed  annealing  of  high  dose  (10*5  cm-2)  Kr+  Implanted  GaAs,  it  was  j 

noted  that  at  low  energy  density  (0.4  J/cm2),  the  recrystall ization  of  the 
amorphous  layer  gave  rise  to  the  formation  of  polycrystalline  material.  Elec¬ 
tron  Irradiation  pulsing  of  0.7  J/cm2  or  higher  resulted  in  single  crystalline 
layers  with  Increasingly  higher  density  of  dislocations.  The  optimum  energy 
density  for  successful  recrystallization  seems  to  lie  between  0.4  and  0.7  J/cm2 
for  the  pulsed  electron  beam  parameters  chosen. 

Figure  12  shows  the  results  of  measurements  performed  on  the  low  dose 
(3  *  1012  cm-2)  $e+  Implanted  and  pulsed  electron  beam  irradiated  samples. 

Both  the  unirradiated  and  the  0.4  J/cm2  irradiated  samples  exhibited  a  x0 
value  of  0.05,  almost  as  good  as  a  perfect  single  crystal  (Fig.  12a).  The 
surface  composition  was  stoichiometric.  However,  TEM  examination  (Fig.  12b) 
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of  the  0.4  J/cm2  Irradiated  sample  revealed  the  existence  of  disordered  zones 
(gray  patches)  with  some  probable  Ga  precipitates  (black  dots). After  a 
0.7  J/cm2  pulse  irradiation,  x0  increased  to  0.07,  the  channeled  spectrum  was 
found  to  be  well  above  that  for  the  unirradiated  sample,  and  the  surface  As/Ga 
ratio  was  0.75.  TEM  analysis  (Fig.  12b)  revealed  Ga  rich  regions  (black 
patches  and  dots)  and  the  Irradiated  layer  was  found  to  possess  dislocation 
lines  and  stacking  faults.  TED  showed  that  the  layer  was  still  single  crys¬ 
talline.  At  an  electron  fluence  of  1.1  J/cm2,  x0  reached  0.31  (Fig.  12b),  and 
the  shape  of  the  channeled  spectrum  indicated  a  heavily  disordered  structure. 
The  As/Ga  ratio  at  the  surface  was  *0.7.  A  TEM  micrograph  for  this  sample 
(Fig.  12b)  exhibited  a  dense  dislocation  network,  probably  arising  from  high 
thermal  stresses  produced  by  rapid  temperature  change. 

In  summary,  the  recrystallization  and  annealing  of  implanted  GaAs 
layers  by  a  pulsed  electron  beam  can  be  Interpreted  as  occurring  via  liquid 
phase  regrowth.  The  existence  of  a  threshold  for  the  annealing  of  amorphous 
layers  was  observed;  for  the  electron  beam  parameters  chosen,  the  annealing 
threshold  ranged  between  0.4  and  0.7  J/cm2  for  a  2200A  amorphous  layer  created 
by  a  room  temperature  300  KeV  10^  cm"2  Kr+  Implantation.  Below  the  thresh¬ 
old,  at  0.4  J/cm2,  it  appeared  that  the  electron  beam  pulse  induces  melting  of 
the  amorphous  layer,  but  the  melt  depth  did  not  penetrate  the  entire  2200A  of 
the  amorphous  layer,  thus  leading  to  polycrystalline  regrowth  on  an  underlying 
heavily  damaged  layer.  Above  the  threshold,  melting  of  the  entire  amorphous 
layer  took  place,  leading  to  epitaxial  regrowth  on  single  crystalline  sub¬ 
strate.  These  observations  are  in  agreement  with  analogous  studies  performed 
on  laser-annealed  samples  (see  Section  2).12'*5  Crystalline  (or  slightly 
damaged)  layers  irradiated  with  an  electron  beam  pulse  of  0.4  0/cm2  or  higher 
possessed  lattice  defects.  It  is  Interesting  to  note  that  electron  beam 
pulsing  at  a  fluence  of  0.7  J/cm2  produced  more  damage  in  the  high  dose, 
amorphous  Implanted  layer  than  In  the  low  dose  case,  as  seen  in  the  respective 
channeling  spectra.  This  effect  can  be  explained  as  follows.  The  absorption 
of  energy  deposited  by  the  electron  beam  Is  not  expected  to  depend  signifi¬ 
cantly  on  the  microstructure  of  the  material.  However,  the  thermal  properties 
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of  the  layers,  namely  the  latent  heat  of  fusion  and  the  melting  temperature, 
which  control  the  melt  depth  and  the  duration  for  which  the  layer  remains 
molten,  may  be  different  in  the  two  cases.  A  similar  dependence  for  electron 
beam  irradiation  of  implanted  layers  in  Si  has  been  previously  observed. 16 
Amorphous  or  heavily  damaged  layers  would  have  a  lower  heat  of  fusion  than 
crystalline  material.  Thus,  for  equal  electron  beam  fluence,  an  amorphous 
layer  would  melt  deeper  and  stay  molten  longer  than  a  crystalline  layer.  Ob¬ 
servations  Indicated  a  significant  loss  of  As  at  the  surface  after  a  0.7  J/cm2 
pulse  irradiation.  Thus,  as  already  pointed  out  by  Tsu  et  al.,*7  the  regrowth 
would  take  place  from  a  Ga-rlch  liquid,  which  may  account  for  some  of  the  dis¬ 
order.  These  effects  were  even  more  pronounced  for  1.1  J/cm2  irradiations.  It 
appeared  that  a  judicious  choice  of  electron  beam  parameters  (such  as  fluence, 
pulse  length,  and  energy  distribution}  could  be  found  which  would  optimize  the 
annealing  process  in  GaAs. 

3.3  Electrical  Measurements 

Resistivity  and  Hall  effect  measurements  were  made  on  Se  implanted 
semi -insulating  GaAs  samples  after  irradiation  by  electron  beam  pulses.  For 
the  measurements,  an  area  of  about  7  mm  x  7  mm  within  the  irradiated  region 
was  used  to  etch  a  Van  der  Pauw  type  mesa  provided  with  Au-Ge/Pt  alloyed  ohmic 
contacts.  In  some  cases,  differential  Hall  effect  measurements  of  the  strip¬ 
ping  type  were  also  performed  to  determine  the  depth  distribution  of  electron 
concentrations. 

In  Fig.  13,  sheet  electron  concentration  (N^),  effective  mobility 
(ue),  and  sheet  resistance  (ps)  measured  in  several  samples  are  plotted 
against  the  Incident  energy  density  of  pulsed  Irradiation  from  the  electron 
beam.  All  samples  were  Implanted  with  1015  300  keV  $e+  ions/cm2  at  room  tem¬ 
perature  prior  to  annealing.  All  anneals  were  performed  without  an  encapsu- 
lant.  The  values  of  N$,  ue,  and  ps  measured  In  samples  capped  with  AIN  and 
thermally  annealed  are  also  shown  in  Fig.  13  as  dotted  lines  for  comparison. 

The  thermally  annealed  sample  was  Implanted  with  a  similar  dose  and  energy  of 
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Fig.  13  Sheet  electron  concentration  (Ns),  effective  mobility  (ye)  and  sheet 
resistance  (ps)  measured  in  the  pulse-annealed  GaAs  samples  vs  the 
incident  energy  density  of  electron  beam  irradiation.  All  samples 
were  implanted  with  300  keV,  1x10*5  Se+/cm2  at  room  temperature 
prior  to  pulse-annealing.  As  a  comparison,  values  of  Ns,  ue  and 
Pc  measured  for  a  thermally  annealed  sample  are  also  shown  by  dotted 
lines.  The  thermally  annealed  sample  was  implanted  with  a  similar 
dose  and  energy  of  Se  ions  and  capped  with  a  film  of  AIN  prior  to 
annealing  in  H2  ambient  at  900° C  for  10  min. 
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Se  ions  at  350°C,  and  the  annealing  was  performed  at  900°C  for  10  min.  in  H2 
ambient.  All  the  electron  beam  annealed  samples  showed  higher  activation  of 
Se  ions  (higher  values  of  N5)  when  compared  to  the  thermally  annealed  sample. 
Figure  14  gives  depth  profiles  of  electron  concentration  (N)  and  mobility  (u) 
for  two  samples  implanted  with  10*5  300  keV  Se+  ions/cm2  and  annealed  with  two 
different  energy  densities  of  the  electron  beam  pulse,  one  with  0.42  J/cm2  and 
the  other  with  0.67  J/cm2  (see  Fig.  13).  The  electron  concentration  profiles 
exhibited  similarities  in  the  two  cases,  and  they  appeared  deeper  than  the  LSS 
calculated  profile.9  The  peak  electron  concentrations  were  found  to  reach 
levels  higher  than  1019/cm2,  as  were  also  measured  in  the  laser  annealed 
samples  (see  Section  2). 

Several  samples  implanted  with  lower  doses  (3  *  1012  -  1  *  10^/cm2) 
of  300  keV  Se+  ions  were  also  irradiated  with  the  electron  beam  pulses  of  sim¬ 
ilar  energy  densities  as  employed  for  annealing  the  lO^/cm2  implants.  These 
samples  showed  poor  or  no  activation  of  the  implanted  Se.  As  an  example,  a 
lO^/cm2  implant  exhibited  an  activation  of  only  6.1%  after  irradiation  with 
an  electron  beam  pulse  of  0.67  J/cm2.*8 

In  order  to  understand  the  role  of  damage  introduced  by  the  electron 
beam  in  affecting  the  electrical  properties  of  the  irradiated  layers,  electron 
beam  Irradiations  of  activated  layers  in  semi -Insulating  GaAs  were  performed. 
Cr-doped  GaAs  samples.  Implanted  with  400  keV  Se  ions  to  a  dose  of  1012  cm"2, 
were  first  thermally  annealed  in  Hg  at  850°C  for  30  min,  using  a  Si 3N4  cap,  to 
activate  the  Implanted  Se,  and  then  electron  beam  irradiated  with  the  cap 
removed.  The  sheet-resistance,  which  was  410  s/o  prior  to  irradiation,  in¬ 
creased  to  500  Q/o  for  a  0.63  J/cm2  pulse.  These  measurements  indicate  that 
with  the  electron  beam  parameters  chosen,  crystalline  defects  are  introduced 
by  irradiation,  degrading  the  electrical  activity  in  the  conducting  layers. 

Further  experiments  were  carried  out  to  determine  whether  the  initial 
crystalline  structure  of  the  low  dose  implanted  layer  was  responsible  for  the 
lack  of  electrical  activity.  For  this  study,  300  keV,  3  *  10*2  Se/cm2  ions 
were  implanted  into  a  layer  previously  amorphized  by  a  300  keV,  10*8  Kr+/cm2 
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implant.  Again,  no  electrical  activity  could  be  detected  after  pulsed  elec¬ 
tron  beam  irradiation  in  these  samples. 

Tn  an  attempt  to  investigate  the  possible  influence  of  the  Cr  distri¬ 
bution  on  the  measured  electrical  activity  in  the  implanted  and  irradiated 
layers,  atomic  depth  profiles  of  Cr  and  Se  were  measured  by  SIMS.  The  results 
are  given  in  Figs.  15  and  16.  For  both  high  (1015  Se/cm2  -  Fig.  15)  and  low 
(10*3  Se/cm2  -  Fig.  16)  dose,  300  keV  implants  into  Cr-doped  GaAs,  there  was 
far  less  redistribution  of  Cr  after  a  pulsed  electron  irradiation  of  0.54  J/cm2 
than  that  observed  after  capped  thermal  annealing. 19-21  Also,  the  Se  profiles 
did  not  change  significantly  after  pulsed  electron  irradiation.  (The  enhanced 
signals  near  the  surface,  which  were  probably  due  to  measurement  artifacts 
arising  from  surface  impurities,  did  not  represent  the  true  Se  or  Cr  signals 
and  therefore  should  be  Ignored  for  the  present  analysis).  The  electron  beam 
fluence  of  0.54  J/cm2  was  sufficient  to  electrically  activate  1015/cm2  im¬ 
planted  Se  ions.  It  should  be  pointed  out  that  the  distribution  of  Cr,  which 
is  a  deep  acceptor  in  GaAs,  can  significantly  affect  the  activation  of  the 
Implanted  Se  by  compensation  as  has  been  observed  for  thermally  annealed 

samples.  The  higher  electrical  activity  measured  in  the  high  dose, 

15  2 

101J  cm-4  Se  Implanted  and  electron  beam  irradiated  samples,  when  compared 
with  thermally  annealed  samples,  may  be  partly  due  to  Insignificant  accumula¬ 
tion  of  Cr  in  the  implanted  region.2^  Also,  the  poor  or  lack  of  electrical 
activity  measured  in  the  low  dose,  1012  cm-2  Se  implanted  and  irradiated 
samples  may  be  partly  due  to  insignificant  depletion  of  Cr  near  the  sur¬ 
face.19,21  These  statements  are  speculative,  and  more  experiments  are  needed 
to  clarify  the  possible  effects  of  Cr  distribution  in  affecting  the  electrical 
activity  measured  in  Se  implanted  and  irradiated  samples. 

To  assess  further  the  possible  role  of  Cr,  the  low  dose  Se  implants 
were  repeated  in  nominally  undoped,  vapor  phase  epitaxial  layers  grown  on 
Cr-doped  GaAs.  There  was  no  detectable  electrical  activity  after  pulsed 
Irradiation  in  these  layers,  however,  since  the  Cr  levels  in  the  layers  before 
and  after  Irradiation  have  not  been  measured,  no  definite  conclusions  can  be 
drawn. 
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Fig.  15  Depth  distributions  of  Se  and  Cr  atomic  concentrations  measured 
by  SIMS  in  a  semi -insulating  GaAs  sample  irradiated  with  an 
electron  beam  pulse  of  0.54  J/cm2.  The  samDle  was  implanted 
at  room  temperature  with  300  keV  Se+  ions  to  a  dose  of  10^  cm-2 
prior  to  electron  beam  irradiation. 
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Fig.  16  Depth  distributions  of  S u  and  Cr  atomic  concentrations  measured 
by  SIMS  in  a  semi-insulating  GaAs  sample  irradiated  with  an 
electron  beam  pulse  of  0.54  J/cm*.  The  sample  was  implanted 
at  room  temperature  with  300  keV  Se+  ions  to  a  dose  of  10“  cm-2 
prior  to  electron  beam  irradiation. 
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In  summary,  the  recrystall ization  mechanism  of  amorphous  layers  in 
GaAs  by  means  of  short  (100  ns)  electron  beam  pulses  appeared  to  be  well 
understood.  On  the  other  hand,  low  dose  (<10^  cm'^)  Se  implants  into  either 
single  crystal  or  amorphous,  Cr-doped  or  nominally  undoped  GaAs,  could  not  be 
electrically  activated  by  means  of  short  pulses  at  present.  The  exact  reasons 
are  not  clear. 
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4.0  PULSED  ELECTRON  BEAM  ALLOYING  OF  Au-Ge/Pt  OHMIC  CONTACTS  TO  n-TYPE  GaAs 


The  performance  of  various  GaAs  devices  can  depend  substantially  on 
the  quality  of  ohmic  contacts  which  provide  the  means  for  coupling  external 
signals  to  the  devices  concerned.  Ohmic  contacts  with  low  rc  aid  in  improving 
the  frequency  characteristics,  noise  properties,  and  power  capability  of 
active  components  fabricated  on  GaAs.  In  addition  to  possessing  low  rc,  it  is 
desirable  that  the  contacts  be  uniform,  reliable  and  reproducible.  Although 
considerable  effort  has  been  spent  over  the  last  decade  in  achieving  uniform, 
reliable,  low  rc  contacts  to  n-type  GaAs,22  the  best  values  of  rc  (~1(T6  a-cm2)2® 
have  been  significantly  higher  than  what  one  normally  obtains  with  e.g., 
sillcide  contacts  on  Si  (r_  ~10-7  cm2).2*  Various  metal  systems  have  been 
explored  with  different  thermal  cycles.  In  the  majority  of  the  cases,  two 
basic  approaches  have  been  used  which  have  yielded  ohmic  contacts  upon  appro¬ 
priate  heat  treatments:  one  utilizes  an  Au-base  eutectic  system  (e.g.,  Au-Ge, 
Au-Sn,  Au-SI,  Au-In,  Au-Te)  with  Ni  or  Pt  added  to  avoid  the  loss  of  surface 
wetting.  During  melting  and  subsequent  resolidification;22  the  other  uses 
noneutectic  mixtures  (e.g.,  Ge/Pd).25  Ohmic  contact  formation  in  the  former 
case  has  been  attributed  to  the  melting  of  the  eutectic  alloy,  dissolution  of 
GaAs  In  the  metals  and  regrowth  of  heavily  doped  GaAs  upon  subsequent  cool¬ 
ing.  For  the  latter  case,  the  contact  formation  is  believed  to  involve  a 
solid-phase  reaction  between  the  metals  and  GaAs.  In  either  case,  the  main 
problem  In  obtaining  low  rc  contacts  has  been  the  difficulty  in  generating  a 
heavily  doped  n-type  GaAs  layer  at  the  metal -GaAs  interface. 

Recently,  several  techniques  have  been  used  to  produce  heavily  doped 
shallow  n-type  GaAs  layers  for  low  rr  ohmic  contacts.  These  have  Included 
growing  doped  layers  with  molecular  beam  epitaxy.  generating  layers  by  dual 
Implantation  (e.g.,  Se  and  Ga)  followed  by  thermal  annealing,27  and  producing 
layers  by  high  dose  (>10A  cm_t)  donor  Implantation,  followed  by  subsequent 
annealing  by  pulsed  laser2®  or  electron  beams.2®  In  addition,  laser  beams 
have  also  been  used  to  directly  alloy  ohmic  contacts  to  GaAs,®0"®2  although 
the  rc  values  have  not  been  very  encouraging.  To  the  authors'  knowledge  the 
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best  reported  contacts  (rc  <6  *  10"7  Q-cm^)*  have  been  the  non-all oyed  type  on 
a  very  heavily  doped  (nDeaL  *  2  *  10*®  cm"^)  GaAs  layer  generated  by  a  120  keV 
5  x  ioAa  cm"c  Se  Implant  followed  by  pulsed  electron  beam  annealing.  y 

In  this  section  direct  alloying  of  Au-Ge/Pt  contacts  to  n-type  GaAs 
by  a  single  pulse  from  an  electron  beam  Is  reported.  The  ohmic  character  of 
the  contacts  was  presumably  realized  by  the  heavy  n-type  doping  of  a  thin  GaAs 
layer  by  Ge  at  the  metal -GaAs  Interface  during  the  alloying  process.  From  the 
point  of  view  of  energy  absorption  necessary  to  alloy  contacts,  pulsed 
electron  beams  should  be  preferable  to  pulsed  laser  beams  because  high  optical 
reflectivity  of  the  metals  Is  not  of  major  concern  for  electrons. 

Wafers  of  semi -Insulating  <100>  GaAs  were  Implanted  at  room  tempera¬ 
ture  with  400  keV  Se+  Ions  to  a  dose  of  1  *  10*"*  cnT^.  During  implantation 
the  Ion-beam  was  oriented  -7°  off  the  sample's  normal  to  minimize  channeling 
effects.  After  Implantation,  the  samples  were  coated  with  -2000A  of  reactlve- 
ly  sputtered  SI3N4  film  and  subsequently  annealed  In  H2  at  850°C  for  30  min. 
to  generate  an  electrically  active  layer.  Using  LSS  parameters  with  a 
Gaussian  approximation,®  assuming  no  diffusion  and  100%  activation  of  the 
Implanted  Se,  the  electron  concentration  profile  in  these  samples  was  expected 
to  reach  a  peak  value  of  -7  *  10* 7  cm"'*  located  at  -0.14  um  below  the  surface 
with  a  standard  deviation  of  -0.06  um.  The  SIjN^  films  were  removed  in  HF  and 
patterns  were  defined  photol ighographlcally  conforming  to  the  transmission 
line  mode  (TLM)  method'*’*  for  contact  resistance  measurements.  Preparation  of 
such  samples  Involved  two  mask  steps.  In  the  first  step  rectangular  strips  of 
the  electrically  activated  layers  were  modified  and  isolated  from  each  other 
by  mesa-etching  (see  Fig.  17).  In  the  second  step,  square  windows  were  opened 
In  the  photoresist  on  the  rectangular  active  layer  regions.  Finally,  a 
pattern  consisting  of  square  metal  pads  separated  by  varying  distances  was 


♦The  value  of  r.  ■  2.9  *  10"7  fl-cm^  in  Ref.  6  Is  questionable  because  of  the 
relation  used  for  computation.  The  time  value  of  rc  calculated  by  using  the 
relations  In  Ref.  13  should  be  -1  *  10"°  fl-cnr. 
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generated  on  the  active  layer  regions  by  evaporation  and  lift-off  of  the 
photoresist.  Prior  to  metal  depositions,  the  exposed  GaAs  surface  In  the 
photoresist  windows  was  briefly  treated  with  HC1  and  a  few  hundred  angstroms 
of  the  active  layer  were  removed  by  employing  a  sequence  of  brief  duration 
dips  In  Hg02  +  NH^OH  and  H2O  +  NH4OH  solutions.  The  metals  were  deposited  by 
electron  beam  evaporation  at  an  approximate  rate  of  ~2.5  A/s.  The  metal 
thicknesses  were  12%  Ge  -  88%  Au  a  1300A  and  Pt  a  300A. 

Some  of  the  samples,  as  prepared  above,  were  Irradiated  with  single 
pulses  from  an  electron  beam  possessing  energy  .densities  in  the  range  of 
0.2-0. 9  J/crn^.  The  electron  beam  had  a  mean  electron  energy  a  20  keV  and  a 
pulse  duration,  tp  a  10"7  s.  Several  samples  were  alloyed  thermally  In  flow¬ 
ing  H2  at  440°C  for  2  min. 

Resistance  measurements  between  the  metal  pads  were  made  by  employing 
four  tungsten  probes.  One  set  of  probes  was  used  for  current  biasing  and  the 
other  set  for  voltage  measurement.  This  method  eliminated  the  contribution  of 
the  probe  resistance  In  the  resistance  measurements.  For  AES  measurements,  a 
5  keV  electron  beam  scanned  over  ~20  urn  *  20  um  area  of  the  metal  pads  was 
used.  Thus  any  nonuniformities  present  on  the  pads  were  averaged  over  the 
20  urn  *  20  um  area  and  could  not  be  resolved  from  the  detected  Auger  signals. 

Within  the  range  of  energy  densities  of  the  electron  beam  pulses  ex¬ 
plored,  the  ohmic  contacts  were  observed  after  Irradiation  with  single  pulses 
In  the  range  0.3-0.7  J/cm*.  Below  0.3  J/cm^  there  was  no  significant  change 
In  the  I-V  characteristics  of  the  contacts  after  Irradiation  than  before  irra¬ 
diation.  Pulses  >0.7  J/cm^  resulted  in  non-ohmlc  contacts  due  to  considerable 
damage  to  the  metals  and  the  underlying  active  GaAs  layer.  A  significant  In¬ 
crease  In  the  sheet  resistance  of  the  underlying  active  GaAs  layer  was  detec¬ 
ted  after  Irradiation  with  pulses  In  the  0.5-0.7  J/cm*  range.  Pulsing  In  the 
range  of  0.3-0. 5  J/cm^  produced  good  ohmic  contacts  with  low  rc  values  without 
significantly  affecting  the  electrical  properties  of  the  underlying  active 
GaAs  layer. 
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Contacts  alloyed  with  electron  beam  pulses  with  energy  densities  In 
the  range  0.3-0. 5  J/cm2  were  found  to  be  extremely  uniform  with  good  edge 
definition.  In  Fig.  18  contact  resistance  measurements  made  on  a  sample 
Irradiated  with  an  electron  beam  pulse  of  0.4  J/cm2  are  shown.  The  resistance 
(R)  between  metal  pads  (see  Fig.  17)  was  plotted  against  the  gap  length  (t). 
Each  data  point  shown  In  Fig.  18  was  an  average  of  eight  measurements.  The 
bars  represent  the  scatter  In  the  measurements.  The  solid-line  Is  a  least- 
mean-square  fitted  line  to  the  data  points.  The  fit  is  extremely  good.  From 
the  slope  and  Intercept  of  the  fitted  line,  the  sheet  resistance  (ps)  of  the 
underlying  active  GaAs  layer  and  twice  the  contact  resistance  (2RC)  were  com¬ 
puted  to  be  336  a/  and  2.4  a,  respectively.  Using  the  TLM  method'*'*  this 
value  of  Rc  corresponded  to  an  rc  value  of  4  *  10“7  a-cm2.  To  the  authors' 
knowledge,  this  value  of  rc  Is  one  of  the  lowest  values  reported  so  far  on 
ohmic  contacts  to  n-type  GaAs. 

Similar  contact  resistance  measurements  made  on  a  sample  alloyed 
thermally  In  H2  at  440°C  for  2  min  are  shown  In  Fig.  19.  The  rc  value  com¬ 
puted  In  this  case  was  1.3  *  10”^  a-cm2,  significantly  higher  than  the  value 
calculated  for  the  pulsed  electron  beam  alloyed  contacts. 

In  order  to  explore  the  reasons  behind  the  difference  In  rc  values 
between  the  pulsed  electron  beam  and  thermally  alloyed  contacts,  depth  pro¬ 
files  of  the  constituent  element  In  the  contacts  were  determined  by  successive 
sputtering  and  AES  measurements.  The  samples  used  were  those  on  which  the 
contact  resistance  measurements  had  been  made.  In  Fig.  20,  AES  depth  profiles 
of  the  as-evaporated  metals  are  shown.  The  transition  of  the  measured  signals 
from  one  metal  to  the  other  was  quite  abrupt,  as  one  would  expect  for  the  as- 
evaporated  case.  AES  depth  profiles  of  the  constituent  elements  obtained  from 
the  electron  beam  alloyed  contacts  are  shown  in  Fig.  21.  Not  much  Intermixing 
of  the  metals  with  GaAs  took  place  and  the  depth  profiles  were  in  general  not 
too  different  from  the  as-evaporated  case  (see  Fig.  20).  There  were,  however, 
some  differences.  After  pulsed  electron  beam  alloying,  a  small  amount  of  Ga 
from  the  underlying  GaAs  substrate  had  penetrated  through  the  metallic  layer 
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Fig.  18  Plot  of  resistance  (R)  between  the  metal  pads  as  a 
function  of  gap  length  (B).  The  Au-Ge/Pt  contacts 
were  alloyed  by  a  pulsed  electron  beam  with  an  energy 
density  of  0.4  J/cm2.  The  inset  shows  magnified 
scales  near  the  origin. 
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Fig.  19  Plot  of  resistance  (R)  between  the  metal  pads  as  a 

function  of  gap  length  (8).  In  this  case  the  Au-Ge/Pt 
contacts  were  alloyed  thermally  In  H2  at  400° C  for  2  min. 
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Fig.  20  AES  depth  profiles  of  the  constituent  elements  in  the 
unalloyed  contacts. 
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Fig.  21  AES  depth  profiles  of  the  constituent  elements  in  the 
contacts  alloyed  with  electron  beam  pulse  of  0.4  J/cm^. 
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and  appeared  at  the  surface.  Also,  Pt  and  Ge  had  mixed,  probably  forming 
compounds.  The  formation  of  low  rc  ohmic  contacts  in  this  case  may  be  due  to 
the  generation  of  a  very  heavily  doped  n-type  GaAs  layer  at  the  metal -GaAs 
interface  by  the  replacement  of  Ga  by  Ge,  without  disturbing  significantly  the 
metallic  layers. 

In  contrast  to  the  pulsed  electron  beam  alloyed  contacts,  consider¬ 
able  intermixing  of  the  metals  with  GaAs  took  place  for  the  thermally  alloyed 
sample,  as  shown  in  Fig.  22.  After  thermal  alloying,  large  amounts  of  Ga 
appeared  on  the  surface  with  As  distributed  throughout  the  metallic  layer. 
Substantial  intermixing  of  Pt,  Au  and  Ge  was  also  apparent,  resulting  perhaps 
from  the  formation  of  intermetalllc  compounds.  Higher  values  of  rc  measured 
for  the  thermally  alloyed  case,  compared  with  the  pulsed  electron  beam  alloyed 
case,  may  have  resulted  from  the  considerable  amount  of  intermixing  of  the 
metals  with  GaAs  during  the  comparatively  long  furnace  cycle. 

In  summary,  Au-Ge/Pt  ohmic  contacts  alloyed  to  n-type  GaAs  by  a 
single  pulse  of  an  appropriate  energy  density  from  an  electron  beam  displayed 
a  measured  value  for  rc  as  low  as  4  *  10'^  fl-cm^.  This  value  was  significant¬ 
ly  lower  than  the  1.3  *  10-5  fl-cm^  value  measured  on  similar  thermally  alloyed 
contacts.  AES  measurements  of  the  depth  profiles  of  the  constituent  elements 
after  alloying  Indicated  that  the  low  rc  value  of  the  electron  beam  alloyed 
contacts  may  be  correlated  to  the  lack  of  metal  intermixing  with  GaAs  during 
the  brief  beam  alloying  process. 

From  the  results  reported  here,  it  appears  that  Au-Ge  type  ohmic  con¬ 
tacts  with  lower  rc  values  can  be  achieved  on  n-type  GaAs  by  pulsed  electron 
beam  alloying  than  by  thermal  alloying  on  similarly  doped  samples.  If  the 
short  time  alloy  cycle  Is  beneficial  for  good  contacts,  a  pulsed  electron  beam 
with  a  precisely  controlled  pulse  duration  should  prove  more  useful  than  the 
thermal  alloy  cycle  which  can  suffer  from  lack  of  the  precise  control  of  time 
and  temperature. 
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Fig.  22  AES  depth  profiles  of  the  constituent  elements  in  the 
contacts  alloyed  thermally  in  H2  at  440° C  for  2  min. 
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5.0  SUMMARY  AND  CONCLUSIONS 

The  annealing  effects  of  a  pulsed  ruby  laser  or  a  pulsed  electron 
beam  on  implanted  GaAs  have  been  studied.  In  either  case,  a  threshold  in  the 
energy  density  of  the  pulse  existed  beyond  which  implanted  amorphous  layers 
could  be  successfully  recrystallized.  Good  electrical  activation  of  the  high 
dose  (>10^  cm"^)  implanted  donor  ions  in  GaAs  was  achieved  after  pulsed 
irradiations  with  peak-free  electron  concentrations  reaching  as  high  as 
2  x  1019  cm""*.  Low  dose  (<10*3  cm" implanted  donor  ions  were  not  activated  by 
pulsed  irradiations  of  similar  range  of  energy  densities.  The  reasons  for 
this  inactivity  are  not  clear  at  present,  and  may  involve  several  material 
parameters,  such  as  concentration  levels  and  charge  states  of  dopants  and 
Impurities  in  GaAs  (e.g.,  Cr,  0,  C),  residual  point  defects  or  other  damage, 
stoichiometry,  and  Initial  crystal  structure  through  its  influence  on  the 
melting  temperature.  More  extensive  studies  are  needed.  The  application  of 
additional  characterization  techniques,  such  as  deep  level  transient 
spectroscopy,  photoluminescence,  ana  electron  paramagnetic  resonance  should 
prove  useful. 

The  capability  of  a  pulsed  electron  beam  to  directly  alloy  Au-6e/Pt 
ohmic  contacts  to  n-type  GaAs  was  demonstrated.  Specific  contact  resistance 
as  low  as  4  *  10"^  Q-cm^  was  achieved  with  an  electron  beam  pulse  of  appro¬ 
priate  energy  density.  To  achieve  good  ohmic  contacts,  an  electron  beam  with 
short  pulse  duration  should  prove  more  useful  than  conventional  thermal 
alloying. 
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